Introduction
the parent cell line PLB-985. 7, 8 An X-CGD mouse model Chronic granulomatous diseases (CGD) are a group of with a null allele of the mouse homologous gp91 phox gene immunodeficiencies clinically characterised by predishas been described recently. 9 position to life-threatening recurrent bacterial and fungal For the purpose of somatic gene therapy of CGD the infections. 1, 2 The underlying cause of CGD is defects in main interest so far has been focused on hematopoietic any of four phagocyte NADPH oxidase subunits which stem/progenitor cells as the ultimate target cells. It has abolish respiratory burst activity and lead to the absence been shown that myeloid progenitor cells of CGD or malfunction of microbial killing. 3 More than 60% of patients already show the phenotypic characteristics of CGD patients suffer from a chromosome X-linked the disease. 10 Therefore, CD34 + peripheral blood hematoinherited subtype of the disease (X-CGD). X-CGD is poietic progenitor cells are of particular interest, as this caused by deficient or non-functional gp91
phox which repcell population contains pluripotent hematopoietic stem resents the larger subunit of the flavocytochrome b 558 , the cells. Peripheral CD34 + cells can be harvested by leukamembrane-bound terminal redox centre of the NADPH phoresis and enriched in clinically relevant amounts by oxidase. The corresponding gene CYBB is located on the immunoaffinity techniques. Several studies employing short arm of chromosome X at p21.1. 4 Carrier females disretroviral gene transfer showed the correction of deficient play mosaics of normal and dysfunctional cells. Interestrespiratory burst in colony-forming cultures of progeniingly, as few as 10-15% of functional cells are sufficient tor cells of gp91 phox , p22 phox , and p47 phox -deficient CGD for a clinically healthy phenotype. 5 patients. [11] [12] [13] A first clinical trial aiming at retroviral corSeveral cell lines serve as CGD model systems and rection of p47 phox -deficient hematopoietic progenitor cells have been used successfully for functional correction by has been carried out recently.
14 retroviral gene transfer: Epstein-Barr virus (EBV) transHowever, many patients develop life-threatening infecformed B cell lines established from CGD patients, 6 and tions despite prophylactic use of anti-infectious reagents a human X-CGD myeloid cell line (X-CGD PLB-985) even before bone marrow transplantation or any other kind of stem cell treatment can be made available to them. It has been shown that patients with neutrophil fusions. 15 Based on the possibility and success of phagoMonocytes isolated from peripheral blood mononuclear cells (PBMC) by adherence to plastic were seeded cyte transfusion we envisage a therapeutic strategy for CGD in which we would transiently correct deficient into 24-well plates at day 1 after explantation. The cells showed a typical monocyte-like morphology (Figure 2a ). NADPH oxidase function in autologous mononuclear phagocytes. Transfusion of autologous phagocytes One day later a first set of monocytes was infected with Ad-CMV-lacZ at an MOI of 100. Twenty-four hours after should have the advantage of the given cells not being rejected by the intact T cell immune response of the infection, expression of the reporter lacZ gene was assayed by X-gal staining. Little ␤-gal expression was patient, as it often happens after allogeneic leukocyte transfusion. We decided to construct recombinant adenoobserved in monocytes infected at day 1 (Figure 2b ). The observed X-gal staining was specific, since mock-infected viruses for gene transfer into peripheral blood phagocytes as a means of transient somatic gene therapy.
(Ad5dl324) monocytes showed no background staining (Figure 2c) . A second set of monocytes was kept in susEfficient adenovirus-mediated gene transfer into normal human blood monocyte-derived macrophages has been pension culture, allowing the monocytes to differentiate into macrophages, until infected with Ad-CMV-lacZ at previously demonstrated by others. 16, 17 In this article we describe a replication-deficient recombinant adenovirus day 7 while adhering to coverslips (Figure 2d-f) . The morphological appearance of these cells differed signifivector containing the gp91 phox cDNA under the control of the cytomegalovirus immediate-early enhancer/procantly from day 1 monocytes. Three different cell shapes could be distinguished; relatively small compact cells, moter region. We show that the introduction of a functional copy of the gp91 phox gene into monocyte-derived elongated spindles and 'fried egg-like' cells ( Figure 2d ). These monocyte-derived macrophages were infected macrophages of X-CGD patients leads to phenotypic correction of CGD ex vivo.
with Ad-CMV-lacZ at an MOI of 100 and expression of lacZ was again assayed 24 h after infection. A strong expression of ␤-gal was observed regardless of morpho- The efficiency of infection was quantified by light Ad5dl324. 18 Replication-incompetent recombinant virmicroscopy and calculated as the mean percentage of uses were generated by in vivo homologous recombilacZ-positive cells over several independent experiments. nation in 293 cells between the ClaI-restricted Ad5dl324
The efficiency was found to be dependent on the culture DNA (dl324-ClaI) and SpeI-linearized recombination plasmethod. When monocyte-derived macrophages were mids pAd-CMV-lacZ or pAd-CMV-gp91 ( Figure 1) . 19 The infected in adherence cultures, the mean of lacZ-positive recombination plasmids contained the first 455 bp (0-1.3 cells was 20% (n = 3). But when the cells were infected map units) of adenovirus type 2 (inverted terminal repeat in suspension (as shown in Figure 2e ) over 60% lacZ-(ITR), origin of replication, encapsidation signal, E1a positive cells were obtained. enhancer) followed by an expression cassette containing Infection of monocyte-derived macrophages from Xthe cytomegalovirus (CMV) immediate-early enhancer/ CGD patients, the final target cells, was performed after promoter, the gene of interest lacZ or gp91 phox , and the culturing the cells for 7 days. It had been found that infecrabbit ␤-globin intervening sequence II (IVS), followed by tion at that time-point yielded the most efficient results. the region for homologous recombination spanning map Adherently cultured cells from patient HR were infected units 10.2-23 of Ad5 (taken from the E4 deletion mutant with Ad-CMV-lacZ at an MOI of 100 and subsequently AdH5ilE4I 20 ). These homologous adenoviral sequences assayed for ␤-gal expression as described above. comprise the open reading frame of protein pIX, a comEfficiency of infection with Ad-CMV-lacZ, and morpulsory factor for the formation of stable virion capsids.
phology of the X-CGD macrophages were comparable to The E. coli lacZ gene was inserted into the expression casinfected macrophages of healthy donors (see above). sette as a reporter gene. For expression of gp91 phox a However, considerable variation of efficiency of infection 1.9 kb cDNA covering the entire open reading frame was observed between individual experiments both in (positions 12-1725) of gp91 phox and 176 bp of the untransnormal and CGD cells. lated 3′ region were inserted into the expression cassette.
Recombinant adenoviruses were replicated in the perAdenovirus-mediated reconstitution of respiratory burst missive cell line 293 and infectious stocks of the recombioxidase activity in X-CGD patient cells nant replication-deficient adenoviruses Ad-CMV-lacZ Monocyte-derived macrophages from X-CGD patient HR and Ad-CMV-gp91 were prepared.
were infected at day 7 in adhesion culture with Ad-CMVgp91 at an MOI of 100. Twenty-four hours after infection, cells were stimulated with PMA and tested for their Gene transfer into monocytes and monocyte-derived macrophages using Ad-CMV-lacZ ability to reduce NBT to dark-blue formazan precipitates. Of the infected X-CGD monocyte-derived macrophages Adenoviral gene transfer into human monocytes and monocyte-derived macrophages was first tested on cells 34% showed positive NBT staining (Figure 3a) . Noninfected X-CGD cells displayed a characteristic inability isolated from the blood of healthy donors. In order to determine the efficiency of the gene transfer and test the to reduce NBT (not shown). The cells also remained completely negative after mock-infection with Ad5dl324 expression from the CMV promoter in these cells, experiments were performed with the recombinant adenovirus ( Figure 3b ). Normal control macrophages from a healthy donor equally after 8 days in culture and at 24 h after Ad-CMV-lacZ containing the ␤-gal reporter gene.
Figure 1 Schematic representation of the in vivo homologous recombination in 293 helper cells between the Ad5dl324 DNA and recombination plasmids pAd-CMV-lacZ or pAd-CMV-gp91. (a) The Ad5 E1/E3 deletion mutant Ad5dl324 is outlined as linear double-stranded DNA flanked on both sides by inverted terminal repeats (ITR). The borders of the two deletions E1 and E3 (open triangles) are indicated in map units and the position of the adeno major late-promoter (MLP) is shown by an arrow. Recombination takes place after crossover (large X) in the homologous region (map units 10.2-23, crosshatched box) present on both the ClaI-restricted adenovirus DNA (b) and the SpeI-linearized recombination plasmids (c). The recombination plasmids contained the first 455 nucleotides of Ad2 (including ITR, origin of replication, encapsidation signal and E1a enhancer) followed by an expression cassette containing the CMV immediate-early enhancer/promoter (chessboard-like hatched box), the gene of interest lacZ or gp91 (diagonal hatched box), and the rabbit ␤-globin intervening sequence II (IVS, vertical hatched box), followed by the homologous region. The Ad5 sequences present on the plasmids comprise the complete open reading frame of adenovirus protein pIX (diagonal hatched nugget). E1 sequences are stably integrated into the genome of 293 helper cells to complement for deleted viral sequences required for packaging. After successful recombination the helper cells release replication-incompetent recombinant adenoviruses Ad-CMV-lacZ or Ad-CMV-gp91 (d).
infection stained to 46% NBT-positive (Figure 3c ), a result ( Figure 3f ). These results confirm that the NBT reduction observed in stimulated infected X-CGD macrophages which is in agreement with earlier findings of declining respiratory burst activity in cultures of mononuclear was due to the specific correction of the deficient NADPH-oxidase function by recombinant gp91 phox . phagocytes. 21 The fraction of phenotypically restored NBT-positive X-CGD monocyte-derived macrophages Further experiments done with cells from the same X-CGD patient, HR, allowed for follow-up studies up to 12 24 h after infection with Ad-CMV-gp91 equals 74% of the number of positively staining superoxide producing days of total time in culture. As before, cells were infected at day 7 in adhesion culture with Ad-CMV-gp91 macrophages in a corresponding normal cell culture.
In order to demonstrate the specificity of the regain of at an MOI of 100. NBT staining at day 5 after infection showed continued superoxide production in infected function observed, X-CGD macrophages infected with Ad-CMV-gp91 were assayed for the presence of recombimonocyte-derived macrophages in vitro after adenoviral reconstitution (Figure 4a ). No background staining was nant protein by indirect immunofluorescence. Immunoreactive gp91 phox was detected in infected cells (Figure 3d ) detected in CGD monocyte-macrophages which had been mock-infected with Ad5dl324 ( Figure 4b ). The but no specific immunofluorescence was seen in mockinfected X-CGD macrophages (Figure 3e ). In the control results obtained with reconstituted CGD cells (Figure 4a ) are comparable with the NBT staining of healthy donor culture of normal macrophages all cells contained detectable, but variable amounts of immunoreactive gp91 phox monocyte-derived macrophages at equally 12 days in on infectability of macrophages with adenovirus. They described lacZ reporter gene expression in Ad.RSV␤gal-Discussion infected monocyte-derived macrophages with and without the addition of IFN-␥, but found no differences in In our attempts to infect normal or CGD monocytes we efficiency of infection. consistently found that monocyte-derived macrophages Restoration of deficient function has also been achieved were more susceptible to infection with adenoviruses in cells of another X-CGD patient, who was not given than freshly isolated primary monocytes. The difficulties IFN-␥ as prophylactic therapy (our own unpublished in infecting primary monocytes at high efficiency rates data). We therefore believe that adenovirus-mediated has recently been explained by Huang et al. 16 They found correction of gp91 phox deficiency is not dependent on IFNthat primary monocytes express only little amounts of ␣v ␥ pre-activation. However, these results do not exclude integrins, which are crucial cell surface molecules for the possibility that restoration of NADPH oxidase funcreceptor-mediated cell entry of adenoviruses. Therefore, tion by adenoviral gene transfer may be enhanced by primary monocytes are not susceptible to efficient adenoprior and continued systemic administration of IFN-␥. virus infection until up-regulation of ␣v integrins occurs.
Figure 2 Normal human monocytes (a-c) and monocyte-derived macrophages (d-f) uninfected (a and d), infected with Ad-CMV-lacZ (b and e) or mockinfected with Ad5dl324 (c and f). Morphological appearance of primary monocytes seeded into 24-well plates was checked at day 1 in culture (a). Adherent monocytes at day 2 after explantation were infected with Ad-CMV-lacZ at an MOI of 100 and analysed for ␤-gal activity 24 h after infection (b). Control monocytes, mock-infected with Ad5dl324, showed no ␤-gal activity (c). Normal monocyte-derived macrophages were maintained in suspension culture for 7 days and then allowed to adhere to coverslips. Cells adhered very rapidly and showed three distinct morphologies: small compact cells, elongated spindles and 'fried egg-like' cells (d). Infection with Ad-CMV-lacZ was performed at day 7 at an MOI of 100 while cells were adhering to coverslips. ␤-Gal activity of these infected cells was assayed 24 h after infection (e). Control monocyte-derived macrophages, mock-infected with
Besides considering the influence of IFN-␥ on the Variations in the efficiency of infection between differefficiency of infection and thus on the variable expression ent experiments may be due to differences in immunological pre-activation status of individual blood donors.
of the reporter gene lacZ, it is more likely to explain the variations observed among experiments with different bers, X-CGD macrophages were kept and infected in adherence culture. Infection performed in suspension culture and infection conditions. Normal monocytederived macrophages shown in Figure 2d -f were mainculture resulted in higher infection efficiency (Figure 2e ). It therefore seems that infection of cells in suspension is tained in suspension culture until they were infected while adhering to coverslips. Owing to limited cell numsuperior to infection of adherent cells.
cells whereas the larger 'fried egg-like' cells and spindles showed no staining or staining to a lesser degree ( Figure  3a and c as well as Figure 4a and c). Lack of, or weak, NBT reduction ability in normal monocyte-derived macrophages (Figures 3c and 4c ) might be explained by the existence of a mixture of asyncronically maturated macrophages with variable declining amounts of gp91 phox protein ( Figure 3f ) and thus a declining ability to reduce NBT (corresponding Figure 3c) . It has been noted before, that the magnitude of the respiratory burst decreases markedly when monocytes mature into macrophages, although respiratory burst increases again upon activation of macrophages in vivo. 21 In CGD monocytederived macrophages incomplete NBT reduction ( Figures  3a and 4a ) may be due to insufficient gene transfer and therefore incomplete restoration of gp91 phox protein (Figure 3d) . However, the maturation of macrophages during cultivation, reflected by changes in cell morphology, is significantly influenced by culture conditions, eg serum-containing versus serum-free cultures. 22 Therefore, the observations made in culture do not necessarily reflect the fate of potentially reinfused cells. Owing to limited cell numbers, restoration of respiratory burst in monocyte-derived macrophages from CGD patients could not be followed-up beyond 5 days after infection with Ad-CMV-gp91. Although the CMV promoter used for gp91 phox expression from the recombinant adenovirus is considered a strong promoter in human macrophages 23 follow-up studies of corrected CGD cells will have to be done in an appropriate animal model.
Even an incomplete number of restored CGD mononuclear cells might be sufficient for an improvement of the clinical condition, since carrier females with as few as 10-15% functional cells still show a clinically 'healthy' phenotype. 5 Furthermore, from successful bone marrow transplantation it is known that a mixed chimerism of donor cells in the same range is sufficient for host defence against infections. 24 It should, however, be mentioned, that a generally applicable and sharply defined critical threshold for the percentage of functional cells or resulting oxidase activity being sufficient in all CGD patients might not exist. A recent study of X-CGD cases 
comparison (c).
We are completely aware of the need also to take into account quantitative as well as qualitative differences between potentially corrected CGD monocytes/ macroDuring the course of experiments variations in the morphological appearance of monocyte-derived macrophages and granulocytes remaining uncorrected. Looking at just cell numbers, granulocytes would be the obviphages between individual cell populations were observed. Varying amounts of small compact cells, elonous target cells for the proposed gene therapy approach. However, granulocytes are extremely short-lived and gated spindles and 'fried egg-like' cells were seen. Macrophage cultures growing at a low cell density tended to infection with adenovirus is not yet possible. Monocytes/macrophages on the other hand, although have a higher proportion of spindles. It should be noted that there was no correlation between morphological present at only about 1/20 the amount of granulocytes, have a lifespan of up to several months and can easily appearance and lacZ expression. Positive X-gal staining was detected in all three cell shapes.
be cryo-preserved. 26 Therefore, even with limited cell numbers it may be possible to build up stocks of corHowever, a correlation can be made between cell shapes and positive NBT staining (Figures 3 and 4) 28 and receives IFN-␥ subcucharacterise the primary monocytes they used for adenotaneously administered three times per week. Control viral infection. Thrasher et al additionally proposed their peripheral blood from healthy donors was routinely adenoviral gene transfer to be a rapid diagnostic method obtained through the Swiss Red Cross Blood Centre for identification of CGD subtypes. Beyond the potential (Zurich, Switzerland). usefulness of adenoviral gene transfer for molecular diagnosis, we favour the idea of ex vivo adenoviral gene transIsolation of PBMC and purification of monocytes Samples of citrated (1:10) whole blood or buffy coat were fer into autologous X-CGD phagocytes as a supportive transient gene therapy. It has been shown earlier that gradiluted in Hank's balanced salt solution without Ca 2+ /Mg 2+ 1:1 for whole blood and 1:4 for buffy coat nulocyte transfusions can be beneficial for the treatment of patients with serious bacterial and fungal infections (HBSS; Life Technologies, Inchinnan, UK), complemented with 0.38% Tris-sodium citrate (TSC). Peripheral blood who do not respond to appropriate antimicrobial therapy. 15 Similar to harvesting of granulocytes from periphmononuclear cells (PBMC) were isolated by centrifugation over low endotoxin Ficoll-Hypaque gradients (d = eral blood, repeated harvesting of autologous peripheral blood monocytes from CGD patients by leukaphoresis 1.077) (FicollPlus; Pharmacia Biotech, Uppsala, Sweden).
To remove platelets the mononuclear cell fraction was could be performed. Functionally deficient, isolated monocytes would then be corrected by adenoviral infection washed twice by low-speed centrifugation (400 g) in HBSS/TCS at room temperature and twice in the cold (4-ex vivo, possibly cryo-preserved and ultimately re-transfused into the patient's blood stream. This process might 10°C). Mononuclear cells (MNC) were resuspended at a concentration of 1 × 10 7 /ml in RPMI 1640 (Life be a feasible procedure for treatment of CGD patients in situations of life-threatening infections.
Technologies) without serum, supplemented with 1% Glutamax II (Life Technologies) and 1% antibiotics Before such a protocol could take effect, a number of issues need to be addressed. In order to maintain the (Pen/Strep/Amphotericin; Sigma Chemical, Buchs, Switzerland), and allowed to adhere to 10 cm plastic Petri option of repeated supportive treatments if necessary, immune responses by the recipient's immune system to dishes with a total volume of 10 ml per dish (Falcon 1029; Becton Dickinson, Basel, Switzerland) for 30-60 min at re-infused infected cells expressing adenoviral antigens on their surface have to be surmounted. A further con-37°C in a 5% CO 2 -humidified incubator. The adherent cell layer was washed at least twice with prewarmed (37°C) cern is the potentially cytotoxic effects of expressed adenoviral genes to the host cells. To circumvent these RPMI medium to remove nonadherent lymphocytes. The adherent cell population, represented by approximately problems we are constructing recombinant adenoviruses that lack the major late promoter (MLP), and therefore 90% monocytes, was overlaid with prewarmed complete RPMI medium (RPMI 1640/Glutamax II/antibiotics plus should not express late viral genes (our own unpublished results). Also, an immune response against the transgene 10% heat-inactivated human AB-positive serum; ICN Biomedicals, Eschwege, Germany). The monocytes were itself cannot be excluded at this point. It is reasonable to assume that the likelihood of such an immune response cultured overnight at 37°C, 5% CO 2 . The next day, adherent monocytes were washed once in prewarmed PBS is inversely correlated to the potential expression of truncated or otherwise nonfunctional and possibly shortwithout Ca 2+ and Mg 2+ (Life Technologies). Cells were collected in ice-cold PBS without Ca 2+ /Mg 2+ after an lived polypeptides in the targeted patient cells. Therefore, the gene therapy envisaged might first be made available incubation period of 30 min at 4°C. Viability of the cells was approximately 90% as determined by trypan blue to patients with at least part of the gp91 phox being expressed in their phagocytes. Then, in contrast to the exclusion. Cells were pelleted by low speed centrifugation (400 g) and resuspended in complete RPMI physiologically expected lifespan of macrophages (up to several months), potentially limited lifespan and medium. Monocytes were seeded at a concentration of 5 × 10 5 cells per well into 24-well plates (Costar Europe, migration of the genetically altered cells will need to be monitored and investigated. Work is in progress to proBadhoevedorp, The Netherlands) containing 12 mm glass cover slips (Merck (Schweiz), Dietikon, Switzerland) vide the necessary basis for allowing the set-up of phase I clinical protocols.
coated with 50 mg/ml Poly-l-Lysine (Sigma Chemical).
Culture of mononuclear phagocytes
Infection of monocytes and monocyte-derived macrophages with Ad-CMV-lacZ and Ad-CMV-gp91 Purified adherent human monocytes were maintained in Cultured monocytes or monocyte-derived macrophages RPMI 1640 medium supplemented with 10% human ABwere infected with purified adenovirus diluted in RPMI positive serum, 2 mm Glutamax II and 1% antibiotics.
1640 (with Glutamax II and antibiotics) supplemented Half of the medium was replaced by fresh medium every with 2% human AB-positive serum at an MOI of 100. second day. The monocytes' morphology gradually Virus was adsorbed to cells for 2 h in 37°C, 5% CO 2 , then changed and around day 4 in culture a macrophage-like the inoculum was aspirated, and cells were washed once morphology could be observed.
with serum-free medium and supplemented with comAlternatively, purified monocytes were cultured in plete RPMI 1640 containing 10% human AB-positive suspension in hydrophobic Teflon bags (DuPont, Wilserum. mington, DE, USA) in complete RPMI medium containing 15% of human AB-positive serum at a cell density of Evaluation of ␤-gal expression (X-gal assay) 5 × 10 5 cells/ml. No medium change was required during ␤-Gal expression in Ad-CMV-lacZ-infected cells was the entire culture period.
determined by the X-gal assay as described. 32 Processed samples were washed three times in PBS and agarose and 2 × DMEM, complemented with horse serum mounted on to MOWIOL (Calbiochem-Novabiochem, La (Life Technologies) to a final concentration of 2%, GlutaJolla, CA, USA) containing 2.5% DABCO (Sigma max II (2 mm final) and antibiotics (1% final). Chemical) as an anti-bleaching reagent. days recombinant plaques were recovered and propagated on 293 cells.
Assay of superoxide formation (NBT test) Amplified virus was checked for lacZ or gp91 phox Monocyte/macrophage cell layers were overlaid with sequences by PCR. Expression of the lacZ gene in infected approximately 0.5 ml NBT reaction buffer per well (100 293 cells was confirmed by X-gal assay, and recombinant g NBT, 0.2 g phorbol-myristate acetate (PMA), 500 g gp91 phox was detected by indirect immunofluorescence glucose, 2% albumin per ml HBSS with Ca 2+ /Mg 2+ ). Cells using the monoclonal antibody mAb48 directed against of healthy donors were incubated at 37°C for 30 min and gp91 phox 29 . Virus was purified by two subsequent centricells of CGD patients for 60-90 min. Reaction was fugations through: (1) a step gradient of 1.25 g/ml and stopped by adding paraformaldehyde to a final concen-1.4 g/ml caesium chloride (CsCl) in TD (1.37 mm NaCl; tration of 1%. Samples were rinsed in PBS and either 5 mm KCl; 0.7 mm Na 2 HPO 4 ; 25 mm Tris/Cl; pH 7.4-7.5);
photographed directly or mounted on to Mowiol for and (2) a continuous gradient of 1.35 g/ml CsCl in TD.
preservation. The recovered viral band was diluted in 0.1 m Tris pH 8.0 and CsCl was exchanged for PBS/10% glycerol over a Acknowledgements NAP-25 column (Pharmacia Biotech). Virus samples were flash frozen in liquid nitrogen and stored at −70°C.
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